The genus Ophiostoma (Ophiostomatales) has a global distribution and species are best known for their association with bark beetles (Curculionidae: Scolytinae) on conifers. An unusual assemblage of these fungi is closely associated with the African endemic plant genus Protea (Proteaceae). Protea-associated Ophiostoma species are ecologically atypical as they colonise the fruiting structures of various serotinous Protea species. Seven species have been described from this niche in South Africa. It has been speculated that novel species may be present in other African countries where these host plants also occur. This view was corroborated by recent collections of two unknown species from Protea caffra trees in Zambia. In the present study we evaluate the species delineation of these isolates using morphological comparisons with other Protea-associated species, differential growth studies and analyses of DNA sequence data for the β-tubulin and internal transcribed spacer (ITS1, 5.8S, ITS2) regions. As a result, the species O. proteasedis sp. nov., and O. zambiensis sp. nov. are described here as new. This study brings the number of Protea-associated Ophiostoma species to nine and highlights the need for more inclusive surveys, including additional African countries and hosts, to elucidate species diversity in this uncharacteristic niche.
INTRODUCTION
The Proteaceae is a prominent Southern Hemisphere flowering plant family that includes c. 1 400 species (Rebelo 1995 , Barker et al. 2007 . It comprises five sub-families with the Proteoideae predominant in southern Africa (Weston & Barker 2006) . The genus Protea is one of the principle members of the Prote oideae and has its origin in the Cape Floristic Region (CFR) at the southernmost tip of Africa (Reeves 2001 , Barraclough & Reeves 2005 . The genus has subsequently expanded its range from the CFR, migrated along the African escarpment and up into the tropics (Reeves 2001 , Barraclough & Reeves 2005 . Today the genus includes more than a hundred species, 80 % of which are confined to the CFR (Rourke 1998 ). The remainder is associated with various non-CFR vegetation types, ranging from tropical forests in west-central and eastern Africa, to savannah in the north-eastern parts of South Africa (Rourke 1998) .
Protea species vary from low-growing shrubs (e.g. P. acaulos) to trees of up to 10 m tall (e.g. P. caffra) (Rebelo 1995) . Their flowers are grouped in large inflorescences that form compact seed-storage structures after pollination. In serotinous species, these structures remain on the plants for at least one year and provide a moist, sheltered environment in which numerous arthropods and saprophytic fungi thrive (Coetzee & Giliomee 1985 , Lee et al. 2003 , Roets et al. 2006b ). The ophiostomatoid fungi, including members of Gondwanamyces (Microascales) and Ophiostoma (Ophiostomatales), dominate fungal communities within such Protea infructescences .
Ophiostomatoid fungi are morphologically adapted to arthropod spore dispersal, producing sticky spores at the tips of conidiophores or of usually elongated ascomatal necks (Münch 1907 , 1908 , Francke-Grosmann 1967 , Upadhyay 1981 , Malloch & Blackwell 1993 . The vectors of Ophiostoma include bark beetles and ambrosia beetles (Curculionidae: Scolytinae), longhorn beetles (Cerambycidae) and mites (Acari) (Barras & Perry 1975 , Upadhyay 1981 , Bridges & Moser 1983 , 1986 , Moser 1997 , Jacobs & Wingfield 2001 , Roets et al. 2007 ). The genus is best known as an associate of bark-beetles within larval galleries constructed in the phloem and wood of coniferous trees (Kirisits 2004) . The interactions between these fungi and their vectors can be mutualistic (Francke-Grosmann 1967 , Beaver 1989 , Berryman 1989 , Six & Paine 1998 , Ayres et al. 2000 , Jacobs & Wingfield 2001 , Klepzig et al. 2001a .
Recent studies on the dispersal of Protea-associated Ophio stoma have shown that mites act as primary vectors of various species, while beetles play an intermediary role by carrying the mites between infructescences (Roets et al. 2006c (Roets et al. , 2007 (Roets et al. , 2009b . Some of these mites feed exclusively on Ophiostoma, confirming that the association between these mites and the fungi they carry is also mutualistic (Roets et al. 2007 ). These ecological studies have led to the discovery of two new Ophio stoma species, both of which were first isolated from mites (Roets et al. 2008) . Results further highlighted the need for extended surveys, including a greater number of host species and additional localities, to elucidate the total number of species associated with this Protea-infructescence niche.
Seven species of Ophiostoma have been described from Pro tea. These include Ophiostoma africanum, O. gemellus, O. pal miculminatum, O. phasma, O. protearum, O. splendens and the anamorphic Sporothrix variecibatus (Marais & Wingfield 1994 , 1997 , 2001 , Roets et al. 2006a . All Protea-associated Ophiostoma species are known only from South Africa.
With the aim of gaining a more comprehensive understanding of the association between Ophiostoma and Protea, Roets et al. (2009b) conducted surveys including areas and hosts not previously considered. Collections from Zambia resulted in the isolation of two putatively novel Ophiostoma species from Protea caffra. Infructescence-associated Ophiostoma species are morphologically very similar. These fungi do not regularly produce sexual structures in culture making species delineation using mating studies difficult. Consequently, DNA sequence comparisons provide an important tool to confirm their identity. In the present study we evaluate the validity of the proposed new taxa (Roets et al. 2009b ) based on morphological and DNA sequence-based comparisons with known Protea-associated Ophiostoma species.
MATERIALS AND METHODS

Isolates
Isolates of the putative new taxa (Ophiostoma sp. nov. 1 and Ophiostoma sp. nov. 3 (Roets et al. 2009b) were collected in Nchila, Zambia during October 2006. Three additional isolates of each of these species, not included in the study of Roets et al. (2009b) were included in the present study (Table 1) . Isolates were maintained in Petri dishes containing 2 % malt extract agar (MEA, Biolab, Midrand, South Africa) at 4 °C. Representative cultures of the taxa considered in this study have been deposited in both the Centraalbureau voor Schimmelcultures (CBS), Utrecht, The Netherlands, and the culture collection (CMW) of the Forestry and Agricultural Biotechnology Institute (FABI), University of Pretoria, Pretoria, South Africa. Herbarium specimens were deposited in the herbarium of the National Collection of Fungi, Pretoria, South Africa (PREM). Nomenclatural novelties and descriptions were deposited in MycoBank (www.MycoBank.org; Crous et al. 2004 ).
Morphology and growth in culture
Isolates of Ophiostoma sp. nov. 1 and Ophiostoma sp. nov. 2 (Table 1) were grown in the dark for 5 d at 25 °C on 2 % MEA (Biolab, Midrand, South Africa). Ascomata collected from colonized infructescences and conidiogenous cells formed in culture were mounted on microscope slides in lactophenol (Stephens 1974) . Specimens were studied using a Nikon Eclipse E600 light microscope (Nikon Corporation, Tokyo, Japan) with differential interference contrast. Fifty measurements of each taxonomically informative structure were made and, where appropriate, means (± standard deviation) calculated. Photographic images were captured using a Nikon DXM1200 digital camera (Nikon Corporation, Tokyo, Japan).
The growth of isolates of the two putative new Ophiostoma species was compared to that of closely related species. Based on results of previous molecular analyses (Roets et al. 2009b ) three isolates of each of O. africanum, O. gemellus, O. pal miculminatum, O. protearum and O. splendens were thus included. For these initial studies, conidia were removed from actively growing 1 wk old cultures using a sterile needle with a small piece of agar at the tip and transferred to the centre of fresh dishes containing 20 mL MEA. Plates were incubated at 25 °C for 8 d in the dark, after which mean (± standard deviation) colony diameters (three measurements per isolate) were determined.
Species that are morphologically closely related to Ophiostoma sp. nov. 1 and Ophiostoma sp. nov. 2 from P. cafra in Zambia, respectively, and that had similar growth rates at 25 °C were used in subsequent growth studies to test for significant differences in growth response at different temperatures. For these studies three isolates each of Ophiostoma sp. nov. 1, O. gemel lus, O. palmiculminatum, O. splendens and Ophiostoma sp. nov. 2 were included. Mycelium-covered agar discs (5 mm diam) were excised from the edges of actively growing 1 wk old cultures and transferred to the centers of fresh MEA dishes. Plates were incubated in the dark at temperatures ranging from 5-35 °C at 5 °C intervals. Colony diameters were measured after 2 d and again after an additional 8 d of growth. The mean diameter of additional growth (three measurements per isolate) and the mean growth diameter (± standard deviation) for each isolate were calculated. A factorial one-way analysis of variance (ANOVA) with Sigma-restricted parameterization was used to analyze the data using Statistica 8 (Statsoft Corp., Tulsa, Oklahoma). Significant differences between growth rates of these fungal species are reported when statistically different at the 99.9 % level (P ≤ 0.001).
DNA isolation, amplification and sequencing
Genomic DNA was extracted from fungal mycelium using a Sigma GenElute™ plant genomic DNA miniprep kit (SigmaAldrich Chemie CMBH, Steinheim, Germany) following the manufacturer's instructions. The primers ITS1-F (Gardes & Bruns 1993) and ITS4 (White et al. 1990 ) were used for amplification of the internal transcribed spacers and 5.8S rDNA regions (ITS). For amplification of the β-tubulin gene region the primers T1 (O'Donnell & Cigelnik 1997) and Bt2b (Glass & Donaldson 1995) were used. PCR reaction mixtures and amplification conditions followed those of Roets et al. (2006a Roets et al. ( , 2009b . PCR products were purified using the Wizard® SV gel and PCR clean up system (Promega, Madison, Wisconsin, USA) following the manufacturer's instructions. The amplicons were sequenced using the Big Dye™ Terminator v3.0 cycle sequencing premix kit (Applied Biosystems, Foster City, CA, USA) and analyzed on an ABI PRISM™ 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA).
ITS and β-tubulin DNA sequences for four isolates, two of each of the two putative new species from P. caffra in Zambia, generated by Roets et al. (2009b) were included in the present study. DNA sequence data for all other Ophiostoma spp. included in phylogenetic reconstructions were obtained from NCBI GenBank (www.ncbi.nlm.nih.gov/), and accession numbers are presented in the phylogenetic trees. Sequences were aligned using the L-INS-I strategy in the online version of MAFFT v6 (Katoh & Toh 2008) .
The ITS sequence dataset included several Ophiostoma and Sporothrix species to illustrate the phylogenetic positions of the species from Protea in relation to other species and species groups in the Ophiostomatales. Three Grosmannia species were designated as outgroup taxa in the ITS analyses.
Sequence data of the β-tubulin gene were used to distinguish between closely related species and were analyzed in two datasets. The first dataset included several Ophiostoma and Sporothrix species from the S. schenckii -O. stenoceras complex, and all available β-tubulin sequences of species associated with Protea. The region included in the analyses spanned β-tubulin exons 4, 5 and 6, as well as intron 5. In all the species included in this dataset, intron 4 was absent. In the second β-tubulin dataset, an extended fragment was analyzed, consisting of exons 3-6, as well as introns 3 and 5. Data of the longer fragment are available for fewer species, thus fewer species were included in the analyses.
All three datasets were subjected to maximum parsimony (MP), Bayesian inference (BI) and maximum likelihood (ML) analyses. The protocols followed for each analysis are described below. Isolate numbers for all species from Protea (including those from previous studies) are given in the phylogenetic trees. GenBank accession numbers and all other information regarding the Protea isolates are presented in Table 1 . GenBank accession numbers of all non-Protea species of Ophiostoma are presented in the phylogenetic trees. 
Maximum parsimony
Five thousand random stepwise addition heuristic searches were performed using the software package PAUP (Phylogenetic Analysis Using Parsimony) v4.0b10 (Swofford 2003) with tree-bisection-reconnection (TBR) branch swapping active. All characters were unordered and of equal weight and alignment gaps were treated as a fifth character state. Ten trees were saved per replicate and branches of zero length were collapsed. Confidence levels were estimated by performing 1 000 bootstrap replicates (Felsenstein 1985) with fast-stepwise addition.
Bayesian inference
Bayesian inference, based on a Markov Chain Monte Carlo (MCMC) approach, was performed in the software package MrBayes v3.1.2 (Ronquist & Huelsenbeck 2003) . Evolutionary models were determined using MrModeltest v2.2 (Nylander 2004 ) based on the Akaike Information Criterion (AIC). Base equilibrium frequencies, instantaneous substitution rates and among-site rate variation were estimated independently on shared topologies. Two independent Markov chains were initiated from a random starting tree where after runs of 5 000 000 generations (sample frequency of 100) were performed. Burnin values were determined using Tracer v1.4 (http://tree.bio. ed.ac.uk/software/tracer/), and all sampled trees lower than the burnin values were discarded. The remaining trees were pooled into a 50 % majority rule consensus tree.
Maximum likelihood
Maximum likelihood (ML) analyses were conducted in the online version of PhyML v3.0 (Guindon & Gascuel 2003) . The best fit substitution models were determined by AIC in Modeltest v3.7 (Posada & Crandall 1998) . Confidence values were estimated using bootstrap analysis (1 000 replicates). 
RESULTS
Morphology and growth in culture
Phylogenetic analyses
Parameters used and statistical values obtained from the various analyses of the ITS, β-tubulin and extended β-tubulin datasets, are presented in Table 2 . The three aligned datasets were respectively 725, 269 and 600 base pairs in length. Phylograms obtained with ML for the three datasets are presented in Fig. 2, 3a , b.
Trees generated by analyses of the ITS dataset (Fig. 2) (Roets et al. 2008 ).
The trees obtained from the β-tubulin dataset that included exons 4-6, and intron 5 (Fig. 3a) , showed the same two clades (Groups I and II) containing the species from Protea. (Roets et al. 2007 ). This lack of resolution necessitated analyses of an extended region of the β-tubulin gene used previously to distinguish between O. gemellus and O. palmiculminatum (Roets et al. 2007 ). This analysis also incorporated exon 3 and intron 3 of the β-tubulin gene (Fig. 3b) . Apart from S. schenckii and the species in Group II, intron 3 is absent from all the other Protea-associated species. Analyses of this extended region distinguished clearly, with strong support (Fig. 3b) , between O. gemellus from the Gauteng Province, O. palmiculminatum from the Western Cape Province of South Africa, and O. proteasedis from Zambia.
Taxonomy
Both the analyses of phylogenetic data in Roets et al. (2009b) and in the present study provided strong support for the hypothesis that the Ophiostoma isolates from P. caffra infructescences in Zambia represent two undescribed species. They are described here as follows: Ascosporae allantoideae, unicellulares, hyalinae, vagina gelatinosa carentes, 4 × 2 µm, aggregatae incoloratae. Anamorphe Sporothrix sp., conidiis clavatis 3.5 -5 × 2 µm.
Etymology. The epithet zambiensis refers to Zambia, the country from which this species was collected.
Ascomata superficial on host tissue. Ascomatal bases globose, dark, 90-120 µm (101 ± 13) diam, without hyphal ornamentation. Ascomatal necks black, 135-165 µm (155 ± 12) long, 17-27 µm (23 ± 5) wide at the base, 10-18 µm (13 ± 4) wide at the apex. Ostiolar hyphae absent. Asci evanescent. Ascospores allantoid, 1-celled, hyaline, sheaths absent, 4 µm long, 2 µm wide, collecting in a hyaline gelatinous droplet at the apex of the neck.
Culture of the Sporothrix anamorph on MEA 29.7 mm (± 0.7) diam after 8 d at 25 °C in the dark, cream coloured, effuse, circular with an entire edge, surface smooth. Growth reduced at temperatures below and above the optimum of 25 °C. Hyphae superficial on 2 % MEA plates. Sporulation profuse on MEA. Conidiogenous cells 3-12 µm long, 2-3 µm wide, arising directly from hyphae and from 2 -43 µm long aerial conidiophores, proliferating sympodially, hyaline, becoming denticulate. Denticles 0.5-1.5 µm (1 ± 0.5) long, usually in an apical crown of 3-10, scattered, solitary or in nodes. Conidia holoblastic, hyaline, 1-celled, clavate, smooth, thin-walled, 3.5-5 µm (4 ± 0.5) long and 2 µm wide. Conidia formed singly, but aggregate to form slimy masses. Ascosporae allantoideae, unicellulares, hyalinae, vagina gelatinosa carentes, 4 -5 × 1-2 µm, aggregatae incoloratae. Anamorphe Sporothrix sp., conidiis clavatis 3.5-7 × 2-3.5 µm.
Etymology. The epithet proteasedis (protea = host genus, sedis = home) refers to the close association between this species and its plant host.
Ascomata superficial on host tissue. Ascomatal bases globose, black, 130-300 µm (229 ± 66) diam, usually with dense hyphal ornamentation, hyphae 40-70 µm long. Ascomatal necks black, 540-850 µm (677 ± 95) long, 30 -60 µm (41 ± 11) wide at the base, 11-13 µm (12 ± 1) wide at the apex. 8 -12 Ostiolar hyphae usually present, divergent, somewhat curved, hyaline to subhyaline, 25 -27 µm (25 ± 1) long. Asci evanescent. As cospores allantoid, 1-celled, hyaline, sheaths absent, 4-5 µm (4 ± 1) long, 1-2 µm wide collecting in a hyaline gelatinous droplet at the apex of the neck.
Culture of the Sporothrix anamorph on MEA 21.1 mm (± 1.2) diam after 8 d at 25 °C in the dark, cream coloured, effuse, circular with an entire edge, surface smooth. Growth reduced at temperatures below and above the optimum of 30 °C. Hyphae superficial on 2 % MEA plates. Sporulation profuse on MEA. Conidiogenous cells 1-42 µm long, 1-2 µm wide, arising directly from hyphae and from 5 -63 µm long aerial conidiophores, proliferating sympodially, hyaline becoming denticulate. Denticles 0.5-1 µm long, usually in an apical crown of 7-14, scattered, solitary or in nodes. Conidia holoblastic, hyaline, 1-celled, clavate, smooth, thin-walled, 3.5 -7 µm (4 ± 1) long and 2 -3.5 µm (3) 
DISCUSSION
This study confirms an earlier contention by Roets et al. (2009b) that isolates of Ophiostoma collected from P. caffra infructescences in Zambia represent two new taxa. Ophiostoma protea sedis and O. zambiensis represent the first Protea-associated members of the genus described from a country other than South Africa. These species were recognised based on morphological characteristics as well as comparisons of DNA sequence data and comparisons of growth in culture with closely related species. With the description of O. proteasedis and O. zambiensis, nine Ophiostoma species are now known to occur in the unusual Protea-infructescences niche.
Most species of Ophiostoma from Protea infructescences are morphologically very similar and the size ranges for some characters overlap. Ophiostoma phasma and the anamorphic S. variecibatus are morphologically well-defined and can readily be distinguished from other Protea-associated species based on morphology alone. These species are also phylogenetically well-separated from other Protea-associated species. The remaining species reside in two well-defined groups based on morphology, physiology and phylogenetic inference. The first of these groups (Group I) comprises species that form (Roets et al. 2009b ). Based on these host preferences and the distribution of the hosts, Roets et al. (2009b) concluded that the Protea-associated Ophiostoma species probably originated in tropical Africa and migrated southwards to the tip of Africa. This migration of Ophiostoma into the CFR was probably facilitated by vector arthropods (Roets et al. 2009b ). This contrasts with the hypothesised origin of the genus Protea in the Cape region of South Africa and its subsequent migration into the tropics following the Great Rift Valley (Barraclough & Reeves 2005) .
The specific evolutionary origin of Protea-associated Ophio stoma species remains unclear. The closest sister species of Protea-host Group I includes O. abietinum, O. aurorae, O. fusi forme, O. lunatum, O. stenoceras and S. variecibatus (de Beer et al. 2003, Roets et al. 2008 ). These species have been isolated from a large diversity of niches that include wood, leaves, soil, bark beetles and even human tissues. The sister species of Protea-host Group II includes S. humicola, S. pallida, and S. stylites. These species have only been isolated from soil and from the bases of planted wooden utility poles (de Meyer et al. 2008) . Interestingly, the latter two species have been reported only from South Africa (de Meyer et al. 2008) . A soil-linked origin for Ophiostoma species in Protea-host Group II seems plausible. It is also possible that species currently known only from Protea infructescences may eventually also be isolated from soil samples in the habitats where the hosts occur. The proposed evolutionary migratory pathway for Ophiostoma on Protea hosts (Roets et al. 2009b ) may be a reflection of an underlying soil-dictated pattern and not because of movement on the Protea host species alone. Studies focused on intensive soil sampling from a range of different Ophiostoma host-Protea localities are required to corroborate this hypothesis.
Various Protea-associated Ophiostoma species are primarily dispersed by mites, while beetles play an intermediary role and carry the mites between infructescences (Roets et al. 2007 (Roets et al. , 2009a . It has also been shown that these mites may have a mutualistic association with their fungal partners, as they can feed and reproduce on a diet consisting solely of Ophiostoma (Roets et al. 2007 (Roets et al. 2007 (Roets et al. , 2009a . Identifying the mites and also the secondary dispersal agents of these fungi (beetles) will lead to a more comprehensive understanding of the co-evolution between these organisms.
The dispersal of soil-inhabiting Ophiostoma species has not yet been investigated, but a large diversity of soil-borne mites may well be involved. Should this be verified, mites may well have facilitated a jump from a soil niche to the Protea infructescence niche. Such a jump could have occurred either early in the evolutionary history of the fungi with subsequent speciation on the host genus (Roets et al. 2009b) or, if these species are also detected from soil samples, continuous current movement between soil and infructescences is likely. This could then provide an alternative explanation of how the isolated Protea infructescence niche could be re-populated with Ophiostoma species in the first flowering season after fire, other than by long-distance dispersal facilitated by insects (Roets et al. 2009a ).
Future studies should focus on clarifying natural host ranges and number of Ophiostoma species found in the unusual Pro tea-infructescence niche. It is likely that more cryptic species remain to be discovered when new hosts and hosts from a wider geographical range are evaluated. Future studies should also include the evaluation of soil and other niches for the presence of these fungi in order to elucidate the evolutionary origin of Protea-associated Ophiostoma. Investigations into the ecology of these fungi, focussed on the interactions between specific fungi, their mite and beetle vectors and their influence on Protea ecology will undoubtedly be a fruitful field for future study.
